ditions under which the process of decomposition of such materials (aerobic or anaerobic) may occur, a product of this process may differ significantly in its physical and chemical properties, and also in kinds of dominating microflora that cause the changes. Composting is one method that may be commonly applied in the decomposition of materials of such a type [11] [12] [13] [14] . Composting consists of biochemical transformations of these materials with the use of aerobic microorganisms at different temperature ranges. Three main phases may be distinguished in this process: mesophilic, thermophilic, and compost stabilization [15, 16] . The final product of biomass decomposition in the composting process is a relatively stable fraction of organic matter (but water and carbon dioxide also are formed during the process) [3, 12, 17] .
Introduction of polyethylene-based polymers with the addition of a plant component to the composting process (which is conditioned by biological, chemical, and physical factors) may result in changes during the composting process, including changes in process dynamics. They can be caused by the chemical composition of a polymer, its molecular weight, supermolecular structure, physical and chemical properties, and also the ratio of the mass of material subjected to decomposition to its area [18] [19] [20] .
Obtaining good quality compost offers a wide spectrum of its applications. The prerequisite for obtaining quality compost is selection of appropriate components (in terms of their physical and chemical properties) for the process. On one hand, the addition of polymers made of polyethylene and a plant component may be a hindrance to using the compost, because polyethylene does not undergo biological degradation and may pollute the obtained product, but on the other hand this material is enriched with a plant component and may improve the structure of the composted mass, positively contributing to the rate and trends of the process. Research was conducted on the quantitative and qualitative state of humic compounds in composts in order to assess the effect of the addition of foils produced from polyethylene and maize starch to composted biomass on the quality of obtained composts.
Experimental Procedures

Biomass Preparation for Composting Process
The research was conducted under laboratory conditions. The studied object was a mixture (hereafter referred to as biomass) prepared on the basis of plant waste: wheat straw (ws), rape straw (rs), and waste from pea seed cleaning (wpc). The mixture of the crushed and moistened components was prepared assuming a value of the C:N ratio 3 0 as optimal for the conditions of the process. The abovementioned C:N ratio was obtained at the following proportion of the components: 1(ws) : 1(rs) : 0.5(wpc). Selected parameters of the components used for biomass preparation are presented in Table 1 . Moisture of the mixed biomass was 45% (that value was reached by using water). An 8% supplement (in relation to dry matter of the mixture) of crushed foils made of polyethylene and maize starch was added to the prepared biomass. The foils were produced at the Central Mining Institute in Katowice, Poland. The materials used for the experiment differed in the share of polyethylene, maize starch, and compatibilizer ( Table 2) . The F(A) foil contained the highest share of maize starch and compatibilizer. The F(B) and F(C) foils differed in the copolymer addition (copolymer was added only to the F(C) foil).
Conditions of Composting Process
The experiment comprised the following variants conducted in two replications: C1 -biomass without foil (control), C2 -biomass + foil 1 -F(A), C3 -biomass + foil 2 -F(B), C4 -biomass + foil 3 -F(C), and C5 -biomass + foil 3 -F(C) + microbiological inoculum (Neudorff Radivit -a universal preparation for composting). The composting process was conducted in 0.5 m high × 0.4 m long × 0.3 m wide bioreactors equipped with an aeration and sewage removal system. During the experiment, the biomass temperature was under control, maintained at ~ 35-40ºC until the 90 th day of the process and at ~ 30ºC to the 180 th day. The initial moisture content of the prepared mixtures was 60%. During the process there was no need to refill water as the produced leachates were collected and returned. The biomass in the bioreactors was aerated in a 0.1 m 3 ·min -1 system, four times a day. To maintain optimal conditions of the process (better aeration and homogenization of the material), once a week the composted biomass was taken out of the bioreactors and mixed manually. Once the composting process was completed and the composts were mature, the materials were thoroughly mixed and samples were collected for chemical analyses. The following were determined in the initial materials and in materials obtained after composting: dry matter content at 105ºC for 12 hours; ash content after calcination in a chamber furnace at 500ºC for eight hours; total nitrogen content assessed by distillation method following previous N-NO 3 reduction with Devarda's alloy and mineralization of the material sample in a concentrated sulphuric acid in an open system (under atmospheric pressure); and total carbon content (Ct) by means of selective absorption in infrared on a Leco CNS 2000 analyzer.
Extraction of humic acids was conducted by the Schnitzer method [21] , using a 0.5 mol·dm -3 NaOH solution (Cex) (extraction for 24 hours). Carbon of humic acids (Cha) were separated from the extract by means of extract acidification with sulphuric acid to pH ~ 2. In the second phase of the analysis carbon of hemicelluloses was separated from the composts after extraction with H 2 SO 4 in concentration of 2.0 mol·dm -3 (extraction for 24 hours). Carbon content in the individual fractions was determined on the TOC-TN 1200 analyzer equipped with a non-dispersive infrared detector. Content of carbon of fulvic acids (Cfa) and non-hydrolyzing carbon (Cnh) was calculated from the difference of, respectively:
Optical properties within UV-VIS range were determined using a Beckman DU 640 spectrophotometer. To determine VIS spectra, 0.02% humic acid solutions in 0.1 mol·dm -3 NaOH were prepared, and to determine UV spectra, samples were diluted in 1:5 ratio [22] . The presented results of the analyses are an arithmetic mean for four replications. Standard deviation (SD) was computed for the arithmetic mean values presented in the tables, whereas the variation coefficient value (V%) was computed to illustrate differences between individual composts. The value of correlation coefficient (r) between selected parameters was also calculated.
Results
Content of Dry Matter, Ash, Total Carbon, and
Total Nitrogen in Composts (C2) and (C3) composts with the addition of foil made of polyethylene and maize starch contained lower amounts of dry matter in comparison with the control compost (C1) ( Table 3 ). An increase in dry matter content in comparison with the value assessed in the control compost (C1) was found in (C4) and (C5) composts, to which an F(C) polymer material, comprising 30% thermoplastic starch, 65% polyethylene C, and 5% compatibilizer, was added.
The ash content in the composts with the addition of foil was between 16% and 48% lower than the value assessed in the control compost (C1) ( Table 3 ). Introduction of a microbiological inoculum to (C5) compost led to an increase in the ash content in comparison with the content assessed in (C4) compost, to which the same polymer material was introduced but without the microbiological inoculum.
The total carbon content in all composts with the addition of polymer materials was higher than the content assessed in the control compost (Table 3 ). The application of microbiological inoculum in the composting process led to an over 20% decrease in the total carbon content (when comparing the content in (C5) compost to the content in (C4) compost). An opposite dependence was registered in total nitrogen content ( Table 3 ). The biggest quantity of this element was determined in the control compost (C1) and in the compost with the addition of polymer material: F(C) and microbiological inoculum (C5). The composting process led to a decrease in the C:N ratio in the composts. Compared to the initial value, which was 30, the C:N ratio decreased to values within a range between 9 and 19 in the final stage of the process.
Carbon Content in Humic Fractions of Mature Composts
The content of humic compounds extracted with NaOH in 0.5 mol·dm -3 concentration revealed a small diversity between the composts (V% 3.3) ( Table 4) ; most of the carbon was extracted from (C4) and (C5) composts (125 gC·kg -1 d.m.). Bigger differences were demonstrated for the share of carbon extracted in this way in the total carbon content (Table 5) . That share was between 23% and 31% and the highest was in the control compost.
The content of humic acid carbon was the highest in (C3) and (C5) composts (reaching 88.6 g and 80.2 gC·kg -1 d.m., respectively) ( Table 4 ). Among the composts that contained foils, those were the composts in which the share of humic acid carbon in the total carbon content (Table 5) was the highest, and at the same time the closest to the one found in the control compost (C1).
An addition of biodegradable materials to the composted biomass led to a diversification in the Cha:Cfa ratio. Values of Cha:Cfa closest to the optimum (1.6) were obtained in compost (C2). In other composts values of the discussed parameter differed from 1.6, which is considered by some authors [23] to be the optimum for mature composts. The value of the Cha:Cfa ratio was significantly correlated with the content of humic acid carbon (r = 0.935, p < 0.05) and with the content of fulvic acid carbon (r = -0.956, p < 0.05).
The content of hemicellulose carbon in the composts with the addition of foil was on a lower level than found in the control compost (C1) ( Table 4 ). The share of hemicellulose carbon in the total carbon content was diversified, ranging from 3.2% to 7.9% ( absolute content of hemicellulose carbon, also the highest share of this form of carbon in the total carbon content was found in the control compost (C1). The content of non-hydrolyzing carbon in the composts with the addition of polymer materials fell within the range from 316 to 430 g·kg -1 d.m. and was higher than the content assessed in the control compost (C1) ( Table 4 ). The share of non-hydrolyzing carbon in the total carbon content exceeded 70% only in the composts where a polymer material was added, whereas in the control compost it was lower (Table 5 ).
Optical Properties of Humic Acids of Composted Organic Matter
The calculated absorbance coefficients of humic acid solutions revealed changes depending on polymer material added to the composting process ( Table 6 ). The smallest diversity was stated for A 4/6 (V% 10.5), and the highest for A 2/4 (V% 19.8) . The values of A 2/6 and A 4/6 for the control compost reached 28.9 and 7.49, and for the other composts they were higher and reached from 30.4 to 43.2 and from 8.43 to 9.94, respectively. The value of A 2/4 for the control compost (3.85) was higher than for (C3) and (C5) composts and lower than for the two other composts.
Discussion of Results
The common application of polymer materials results from their specific properties, which in some situations allow us to replace traditional materials such as glass, metal, or wood [24] . Introducing a biodegradable component to a traditional polymer decreases its durability, but improves the possibility to conduct degradation of these materials after use. Composting is one of the environmentally friendly methods used on a large scale in waste processing. In comparison with traditional recycling of polymer materials, the use of microorganisms or in fact their enzymes in the degradation process clearly diminishes the costs of transformation of these materials.
Biological transformation of polymer materials with the use of a biocomponent may involve difficulties with their proper preparation for the process (crushing) and with forming intermediate substances revealing an unfavorable effect limiting enzymatic activity of microorganisms [25, 26] . This is connected with the quantitative addition of polymer materials to the composted biomass. Polymers modified with organic materials can constitute pollution in composting. Another problem that needs to be solved is selection of appropriate substratum, i.e. biomass, which should be used to ensure proper conditions for microorganisms. As demonstrated in the research by Pan and Sen [27] , the effectiveness of a composting process is, among other things, conditioned by chemical composition of biomass subjected to biological transformation, which in turn conditions the metabolic activity of microorganisms. In the presented research a mixture of plant waste materials (wheat straw, rape straw, and waste generated during pea seed cleaning) was the substratum for the biological transformation of the polymer materials. The mixture was prepared based on the C:N value (in order to obtain ~30), so that the process could take place under optimal conditions (which would ensure enough nitrogen for microorganisms that decompose carbon compounds). The prepared mixture of plant materials was a good source of carbon available to microorganisms. According to Raj and Antil [28] , waste from the agri-food industry constitutes a valuable source of biomass for composting. The problem may be limited availability of one of the key components in terms of composting, i.e. nitrogen. It may significantly limit the enzymatic activity of the microorganisms, which leads to slowing down metabolic processes. As Gondek and Kopeć [29] demonstrated in their research, supplying to the composted biomass a source of carbon and nitrogen that would be readily available to microorganisms may significantly modify the rate of this process. Optimization of biomass composition (particularly when biomass is a substratum for disintegration of polymer materials) based only on the total C and N contents may be an inadequate criterion and lead to a necessity to correct biomass composition during the process. While studying the transformations of carbon and nitrogen compounds in composted animal fertilizers and in comminuted paper, Pare et al. [30] found out that the C:N ratio, which is often used in the assessment of organic matter biodegradation and preparation of biomass for composting, should be based on the content of bioavailable forms. Also in the case of polymer material degradation, the kind and amount of added biocomponent are important elements of this process. According to Iovino et al. [10] , biocomponents added to polymer materials are characterized by different susceptibility to biodegradation. According to the cited authors, thermoplastic starch (from coconut) is the material most susceptible to biodegradation.
In the presented research, thermoplastic maize starch in various additions was the biocomponent used for prepara- tion of foil. Information given in the work by Gu [31] indicates that polymer material degradation is a function of its structure, the population of microorganisms that decomposes the material, and conditions under which the process is conducted (which determine the number and activities of the microorganism population). On the other hand, Mohan and Srivastava [24] state that microorganism degradation effect on a polymer is a result of two processes: i) direct effect, in which microorganisms worsen the properties of a polymer material treated as a source of components for their growth ii) indirect effect, involving the impact of products of metabolic transformation of microorganisms, which in consequence leads to further worsening of polymer properties.
The addition of a polymer material has no clear impact on the quality of composts, which is mainly due to the specificity of the process and type of materials used for composting. By definition, adding a polymer material to composting should improve the conditions of the process, which should be reflected in the quantitative and qualitative composition of compost organic matter.
One of the indicators of composted organic matter quality is the value of the Cha:Cfa ratio. According to Iglesias Jiménez and Pérez Garcia [23] , 1.6 is the optimal value for the Cha:Cfa ratio (data for the compost from municipal waste and sewage sludge). On the other hand, Inbar et al. [32] stated that the optimal value for this ratio is 1.5. There is a relatively minor difference between the mentioned values of the Cha:Cfa ratio. Values of the Cha:Cfa ratio closest to 1.5-1.6 were obtained in (C2) and (C4) composts, to which foils containing respectively 45% and 30% of thermoplastic maize starch were added. Values of the discussed parameter in the other composts point to a much too advanced biomass mineralization process. However, it should be emphasized that in all the composts the content of humic acid carbon was higher than contents of fulvic acid carbon. In their research, Gusiatin and Kulikowska [33] also indicated an increase in the content of humic acid carbon, but a decrease in the content of fulvic acid carbon. Absorbance value of humic acids measured at 280 nm is determined by lignin content in acids, at 465 nm by content of substances at the initial stage of decomposition, and at 665 nm by content of substances with a high degree of humification [34, 35] . The greater the humification and molecular weight of humic acids, the lower the values of A 2/4 , A 2/6 , and A 4/6 absorbance ratios. Higher values of the A 2/4 and A 4/6 absorbance ratios concerning all composts to which foils were introduced (C2-C5) may be indicative of a decline in the degree of condensation of humic acid particles or greater aliphatization and greater number of functional groups [36] .
In the early stages of formation, humic acids, usually with a smaller molecular mass and lower degree of condensation of aromatic structures, are characterized by higher values of the A 4/6 ratio. Optical properties of humic acids may change not only under the influence of humification and mineralization of composted biomass, but also due to the kind of organic matter used in the composting process, including the amount and type of added polymer material. Composition and size of the population of microorganisms also plays a role. When foil marked with F(C) symbol was added (C4 and C5 composts), clear differences concerning the values of A 2/4 and A 2/6 were registered. For those two objects, the addition of microbiological inoculum intensified the humification process (it was shown as a decrease in A 2/4 and A 2/6 ratios), which favored a greater condensation of structures of aromatic organic compounds. Based on the obtained results it may be concluded with great probability that humic acids that were present in the compost without the addition of microbiological inoculum (C4) had a lower molecular weight.
Conclusions
1. Polymer material added to the composted biomass did not cause considerable changes in the content of humic compounds in the composts. The differences were observed in the share of soluble humic compounds in the total carbon in composts. 2. The composts with the addition of polymer materials had a greater share of non-hydrolyzing carbon in total carbon content (71.6-77.3%) than the control compost (69.5%). 3. Based on the value of the Cha:Cfa ratio and optical parameters of humic acids, a generally slowing down effect of adding polymer materials on mineralization and humification of the composted biomass was registered. 
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